Because survivors of pediatric acute lymphoblastic leukemia (ALL) are more likely to be obese than unaffected contemporaries, we compared DNA methylation profiles between normalweight and obese survivors at adiposity-associated CpG sites previously-reported by epigenome-wide association studies (EWAS) of body mass index (BMI) in the general population. We selected 96 ALL survivors from the Childhood Cancer Survivor Study: 48 obese and 48 normal weight. The Illumina HumanMethylation450 BeadChip was used to compare DNA methylation at 211 loci identified in EWAS of BMI in the general population. Thirty-nine loci were associated (false discovery rate <0.05) with obesity among survivors who only received chemotherapy (n = 49). No loci were significantly associated with obesity among CRT-exposed survivors (n = 47). Our results suggest that previously identified BMI-DNA methylation loci are associated with obesity in ALL survivors who were spared CRT, while no loci were significantly associated with obesity in survivors who received CRT.
| INTRODUCTION
Acute lymphoblastic leukemia (ALL) is the most common malignancy diagnosed in those less than 15 years of age. While advances in treatment strategies have led to 5-year survival rates approaching 90%, 1 curative therapy for pediatric ALL is associated with an increased risk for numerous chronic health conditions, including obesity. [2] [3] [4] [5] [6] [7] [8] In a previous report from the Childhood Cancer Survivor Study (CCSS), the risk of obesity among long-term survivors of pediatric ALL (diagnosed between 1970 and 1986) was increased 20% for males and 50% for females compared to population-based normative data. 9 Notably, this late effect has persisted across decades of evolution in treatment strategies and is prevalent regardless of age at diagnosis, sex, or treatment exposure. 10 As obesity is known to contribute to an increased risk of hypertension, 11 type 2 diabetes, 12 cardiovascular disease, 13 cancer, 14 and premature death, 15 it is imperative to develop and apply interventions in this at-risk population. 16 However, effective intervention strategies for ALL survivors requires a clear understanding of:
(1) those who are at greatest risk of becoming obese; (2) the mechanisms of obesity in survivors; and (3) the molecular pathways that lead to adverse outcomes observed in obese survivors.
Philip J. Lupo, Austin L. Brown, and Vidal M. Arroyo contributed equally to this study.
A few demographic and treatment factors, including female sex, younger age, and higher body mass index (BMI) at diagnosis, Hispanic ethnicity, and exposure to cranial radiotherapy (CRT), have been linked to an increased risk of obesity among ALL survivors. 9, 10, 17, 18 However, these factors do not fully explain the interpatient variability in susceptibility to obesity following treatment for pediatric ALL.
Although there is mounting evidence that treatment and genetic factors jointly contribute to risk of obesity in childhood cancer survivors, 19 the molecular pathways that underlie this risk are not yet understood.
Epigenome-wide analyses in the general population have revealed associations between DNA methylation at cytosine-guanine dinucleotides (CpG sites) and several metabolic traits, including BMI, waist circumference, and obesity. [20] [21] [22] [23] Collectively, studies conducted in diverse adult populations have identified obesity-associated differential methylation at >200 CpG sites [20] [21] [22] [23] 
| Treatment information
Medical records were used to abstract dose information for chemo- 
| Sample collection and DNA methylation profiling
Buccal cell samples were collected from study participants using a 45 mL mouthwash kit at baseline. As noted, the outcome was defined CRT status were performed to evaluate potential differences in effect due to this treatment exposure. Additionally, product terms between CRT and obesity status were included in the linear regression models to assess differences in the methylation-obesity association between those who received CRT and those who received chemotherapy only.
Finally, because of previous reports indicating differences in genetic risk of obesity by sex among CRT-exposed survivors, 24 an exploratory analysis was performed stratifying on sex among the CRT-exposed group.
False discovery rates (FDR) were calculated to account for multiple comparisons. Quantile-quantile (Q-Q) plots were generated to compare the distribution of observed P values to the expected distribution under the null hypothesis of no association between CpG methylation and obesity.
| RESULTS
The demographic and clinical characteristics of the study population are presented in Table 1 . Obesity status was ascertained at a mean age of 33.8 years and an average of 12.3 years after the collection of the DNA sample.
For each of the 184 CpG sites included in the analysis, the chromosome location, proximal gene, difference in methylation Beta values between obese and normal weight survivors (Δβ), and statistical significance of the observed differences are presented in Supporting Information Table S1 . In the overall cohort (n = 96), there was statistically significant differential DNA methylation at cg06500161 (Δβ = 0.0335, uncorrected P value = 6.24 × 10 −5 ;
FDR P value = 0.01), a well-established methylation locus located on chromosome 21 near the ABCG1 gene (Table 2 ). Methylation at this site was significantly associated with obesity in the chemotherapy only group (Δβ = 0.0450, uncorrected P value = 4.25 × 10 −5 ;
FDR P value = 0.003) but not statistically significantly associated with obesity in the CRT-exposed group (Δβ = 0.0281, uncorrected P value = 0.01; FDR P value = 0.14). In models stratified on CRT status, 39 sites demonstrated statistically significant (FDR P value <0.05) differential methylation among the chemotherapy only group, while no methylation loci reached statistical significance in the CRT-exposed group after accounting for multiple comparisons (results for these 39 sites are presented in Table 2 overall and by CRT status). This was true of both male and females treated with CRT (data not shown). The strongest evidence of differential methylation in those who received chemotherapy only was for cg00431050 (Δβ = 0.0308, uncorrected P value = 4.29 × 10 −6 ; FDR P value = 0.001), which is located on chromosome 10 near the ELOVL3 gene.
In our exploratory analyses, 6 of the 39 sites (15%) that reached statistical significance in the population who received chemotherapy only also had statistical evidence of interaction (P < 0.05) between obesity and CRT, indicating that the association between obesity and methylation at these loci differed significantly between survivors who received chemotherapy only and those who were also treated with CRT (Table 2) .
Specifically, there were differences in effect for ELOVL3 cg00431050 (P = 0.04); CPNE6 cg03523676 (P = 0.02); MAD1L1 cg08972190 (P = 0.02); locus cg01101459 on chromosome 1 (P = 0.03); locus cg10927968 on chromosome 11 (P = 0.02); and S1PR1 cg03050965 (P = 0.03). For each of these six loci, the difference in methylation levels between obese and normal weight survivors was greater in those who received chemotherapy only compared to the CRT-exposed. In fact, for five of the six, the effect was in the opposite direction.
Q-Q plots depict the observed distribution of the group-specific P values for each of the 184 BMI-associated CpG sites ( Figure 1A-C) .
Overall, there was a departure from expectation ( Figure 1A ), indicating that previously identified BMI-associated CpG sites were enriched among obese survivors. However, the departure between the observed vs expected was attenuated in the CRT-exposed survivors ( Figure 1C) compared to survivors who received chemotherapy only ( Figure 1B ).
| DISCUSSION
Although several studies have demonstrated an association between DNA methylation and obesity in the general population, 20-23 to our knowledge this is the first attempt to replicate these previously identified BMI-DNA methylation loci among adult survivors of pediatric ALL, a population at greater risk of obesity compared to their unaffected contemporaries. [2] [3] [4] [5] [6] [7] [8] [9] Our assessment sought to determine: (1) if BMI-DNA methylation loci identified in the general population were similarly associated with obesity among ALL survivors, and (2) if the association between DNA methylation and obesity varied by treatment exposure (ie, CRT). Notably, methylation at the CpG site for which there is the strongest evidence in the general population of a causal link with BMI (NFATC2IP cg26663590) 23 was not implicated in our assessment, suggesting that if ALL therapy induces epigenetic changes that lead to obesity, it is through other loci.
Only ABCG1 cg06500161 was significantly associated with obesity in the overall survivor population after adjusting for multiple comparisons. However, 39 of the 184 previously identified BMI-DNA methylation loci (21%) were significantly associated with obesity in survivors who received chemotherapy only. The differences observed in the CRT-exposed survivors and those who received chemotherapy only are not likely attributable to sample size, as a similar number of individuals were included in each group. In fact, this finding could point to differences in the mechanisms of obesity between these groups. For instance, one mechanism proposed to explain the association between CRT and obesity in survivors of pediatric ALL is radiation-induced damage to the hypothalamic-pituitary axis, resulting in leptin insensitivity. 18, 19, 24 This is consistent with one report indicating the association between genetic variation in the leptin receptor (LEPR) gene and obesity was specific to those who received CRT. 24 Another potential underlying pathology in those exposed to CRT is growth hormone deficiency, 29 which could result in differences in DNA methylation profiles in these individuals. Although a detailed evaluation of endocrine abnormalities was not feasible in this study of 96 ALL survivors, it is possible that CRT-related endocrinopathies are partly responsible for the elevated risk of obesity observed among radiated survivors as well as differences in epigenetic profiles. Our results are consistent with the previous literature indicating radiationinduced obesity may involve different molecular mechanisms compared to obesity in survivors who receive chemotherapy only.
Notably, among the survivors who received chemotherapy only, the direction of associations for the 39 replicated BMI-DNA methylation loci were consistent with previous assessments. [20] [21] [22] [23] The strongest association was observed for the ELOVL3 locus. ELOVL3 (ELOVL Fatty Acid Elongase 3) is located on the long arm of chromosome 10 and is a protein coding gene. 30 The ELOVL3 protein is involved in the metabolism of lipids and lipoproteins. [30] [31] [32] The ELOVL3 BMI-DNA methylation locus cg00431050 has been reported in the epigenomewide association study (EWAS) of BMI conducted by Wahl et al. 23 Although the function of this locus remains unknown, it has also been implicated in chronic obstructive pulmonary disease among AfricanAmericans 33 and serum levels of C-reactive protein, 34 which suggests this locus may be involved in systemic and chronic inflammation, a potential driver of cardiovascular disease. 35 As noted, the only association that remained statistically significant in the entire cohort was at the ABCG1 cg06500161 locus. This BMI-DNA methylation locus has been identified and replicated in several EWAS across multiple tissues. 21, 23, 36 ABCG1 is involved in macrophage cholesterol and phospholipids transport, as well as cellular regulation of lipid homeostasis. 37 Notably, ABCG1 promoter hypermethylation is strongly associated with coronary artery disease, 38 and ABCG1 cg06500161 has been identified in an epigenome-wide assessment of insulin-related traits. 39 As ABCG1 is involved in cholesterol transport 37 and regulates insulin secretion, 39 these observations may provide insight into the pathways that may link obesity to other adverse outcomes including type 2 diabetes, cardiovascular disease, and even subsequent cancers. 23 Understanding the biology of BMI-DNA methylation loci may elucidate the molecular mechanisms underlying adverse outcomes that are a consequence of obesity in survivors of ALL.
Our study must be considered in light of certain limitations. First, emerging evidence suggests that differential DNA methylation at a majority of the BMI-associated CpG sites identified thus far appears to be secondary to increased adiposity rather than a "cause." 23 However, given the central role many of the identified loci play in important biologic processes, such as lipid metabolism and inflammation, the results of this study provide a potential molecular link between obesity and subsequent adverse outcomes even if the associations identified reflect epigenetic consequences of obesity. Therefore, these findings could eventually inform intervention strategies for obesity-related chronic health conditions among childhood cancer survivors. Second, although our population was well characterized, our sample was limited in size (n = 96). Specifically, because of the sample size and the absence of an independent population for replication, we were restricted to evaluating previously identified BMI-DNA methylation loci rather than conducting an epigenome-wide assessment in this at-risk population. Nonetheless, we were able to replicate several loci associated with obesity in the general population among those ALL survivors who received chemotherapy only, using the targeted selection in the extreme phenotype design. Additionally, we were limited in our ability to explore differences in estimates of adiposity other than BMI or evaluate differences by demographic and clinical characteristics beyond CRT status. Patients included in this study were likely exposed to numerous treatment protocols (diagnosed: 1970-1986), though 98% were treated with glucocorticoids (results not shown).
While no differences were observed by chemotherapy exposures or demographic factors, including sex, in exploratory analyses, future studies should also evaluate treatment-specific and sex-specific effects in contemporary populations. 24 Moreover, BMI may not accurately estimate total or central adiposity in all cancer survivors. 40, 41 Future studies should consider alternative, perhaps more sensitive measures of adiposity. Third, a limitation for several studies evaluating the role of DNA methylation on adverse outcomes is the use of biologically relevant tissues. 42 In our case, DNA methylation profiles from buccal cells may not be the most relevant for studies of obesity. However, the BMI-DNA methylation loci evaluated in this study have been replicated across several tissues including blood and adipose. 21, 23 Strengths of this study include well-annotated treatment information on ALL survivors included in the CCSS, which allowed the assessment of BMI-DNA methylation loci by CRT dose, a strong predictor of obesity in this population. 9, 18 Because of the larger sample size of the CCSS, we were able to select a balanced population in terms of key demographic and treatment variables, which limited confounding by these factors.
Overall, our study demonstrated: (1) previously identified BMI-DNA methylation loci appeared to be more strongly associated with obesity among ALL survivors who received chemotherapy only compared to CRT-exposed ALL survivors, which contributes to a growing body of evidence that the molecular mechanisms and consequences of obesity are distinct in these groups 16, 24 ; and (2) BMI-DNA methylation loci associated with obesity in survivors who received chemotherapy only are those suspected to be a consequence of BMI, which may prove useful in studies evaluating the molecular mechanisms underlying adverse outcomes associated with obesity in this population. 23 We recommend a future EWAS of BMI among survivors of ALL that includes those exposed to CRT. This may elucidate the role of novel epigenetic mechanisms on obesity. Additionally, the integration of data on inherited genetic variation may help establish BMI-DNA methylation loci that are a consequence of obesity vs those that may have a causal influence. Ultimately, better understanding of the mechanisms of obesity in survivors of ALL, as well as the adverse outcomes that are a consequence of obesity, will aid in precision prevention and treatment efforts in this at-risk population.
